ABSTRACT This paper presents small signal stability analysis of a hybrid microgrid from three different aspects. First, a generalized droop control of interlinking converter (ILC) is proposed which defines voltage and frequency droops at its terminals to achieve a bidirectional, autonomous power flow between grids. The impact of the droop gains on the stability is discussed and an operational range is defined for a stable system operation. Second, contrary to previous literature which have modeled the ac and dc grids by ideal sources and converters, the ac grid in this scheme is represented as a second-order synchronous generator and the dc grid is modeled as a PV system so as to analyze the dc grid dynamics in detail. It is observed that the dc link capacitor and inductor filter can lead to large system oscillations which can compromise stability. Third, the stability of the hybrid grid is analyzed from the aspect of short circuit ratio (SCR). Both rectifier and inverter mode of operation are used to understand how stability is affected with strength of ac grid. The time-domain simulations in PSCAD are used to confirm the validity of results obtained in frequency domain.
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I. INTRODUCTION
Microgrids are a key component of smart grids as they enhance power system resilience, sustainability, economics and security [1] . In the initial phase, ac microgrids were developed to provide power to ac loads while the dc loads within this grid were linked by ac/dc converters. This microgrid can operate in grid-connected mode or standalone mode. In grid-connected mode, the grid is linked with the main utility and the utility can provide or absorb power, thereby helping in frequency regulation. If the grid develops a fault, a static transfer switch (STS) is used to disconnect the grid from utility and the microgrid enters standalone mode [2] . Strict balance of demand and supply has to be ensured here as utility is no longer available. These ac microgrids can be seen as large generating units, each providing power to its local load.
With the proliferation of dc loads and photovoltaic (PV) generation, dc microgrids are becoming the center of attraction [3] . These grids are designed to power dc loads and help minimize the ac/dc conversion losses. As the world moves towards increased power generation from renewable energy, PV systems are becoming a key component of dc grids [4] . To unify the advantages of ac and dc grid, a hybrid microgrid is proposed where individual grids are coupled by an interlinking converter (ILC). A typical topology of a hybrid microgrid is shown in Figure. 1 where multiple parallel ILCs are used to connect the two subgrids. The power sharing and control strategy determines the number of converters and a single ILC can also perform the required task. This converter is an important element of hybrid design as it manages bidirectional power and helps maintain frequency and dc voltage [5] . The stability of the entire system is highly dependent on ILC.
Small signal analysis is an important tool used to study the performance of power systems under small disturbances. In a hybrid microgrid, the system stability is mainly dependent on individual subgrids and ILC. Therefore, the importance of converter control schemes cannot be neglected. Different power sharing strategies have been discussed for ILC. A centralized control scheme is proposed in [6] where each unit sends its information to a central controller. This controller provides a reference signal to parallel interconnecting voltage source converters (VSCs) to allow power transfer based on their ratings. Such communication-based schemes have multiple point-of-failure and security problems. Parallel operation of ILC based on master-slave control is given in [7] where the master converter operates in voltage control mode, generating reference signals for slave converters operating in current control mode. The master ILC regulates the frequency and voltage but the system can be compromised if master experiences any fault. To achieve autonomous control of a hybrid microgrid and avoid high-bandwidth communication lines, droop control is used. In this regard, ac microgrid can operate on frequency droop while voltage droop can be used inside dc microgrid. Different variations of droop have also been proposed for ILC. In [8] , a normalized droop scheme is used which aims to bring the dc voltage and ac frequency on a common per-unit scale. A modified ac-dc droop control is given in [9] which incorporates sampling time period and output dc capacitance. In this scheme, the two subgrids are treated as a unified microgrid but the load-dependent voltage deviations are significant. A hierarchical control scheme with a current-voltage droop control is proposed in [10] to achieve proportional power sharing among parallel ILCs. To support the hybrid microgrid and minimize the voltage deviations, a battery-based model-predictive supervisory control is used where the control scheme generates the set-points for charging and discharging of battery. All these strategies involve switching between control modes under different loading conditions. This increases power losses and electrical isolation is a serious issue. There is a need for a generalized ILC control scheme which can maintain simplicity and achieve bidirectional power flow in an autonomous fashion.
While the stability of individual ac and dc grids is wellestablished, few studies have discussed stability issues of hybrid microgrid. The impact of static and dynamic loads on a hybrid grid stability is presented in [11] . The complete model is obtained by combining the individual models of ac and dc grids but the stability of ILC is ignored. The impact of equal and unequal power sharing among sources is analyzed in [12] where a droop-based hybrid grid is considered. Eigenvalue analysis is used to study the influence of droop gain on the low frequency modes. A virtual synchronous machine model for the ILC is introduced in [13] . The ac and dc grids are modeled as converter-based ideal sources and power flow under different loading is considered. The operation of a hierarchical controller based PV-battery-hydropower system is considered in [14] . The hydropower station acts as a slack bus and regulates frequency and voltage while the PV system operates as a PQ bus. However, the accuracy of the scheme is dependent on the secondary control of the system. A probabilistic small signal stability analysis of a hybrid system consisting of wind energy conversion system, PV system and diesel generator is presented in [15] . To reduce the computational complexity of small signal analysis of microgrids, a singular perturbation technique is proposed in [16] which is applicable to both grid-connected and standalone microgrids. A generalized approach towards small signal analysis of a hybrid microgrid is presented in [17] where the ILC is modeled by a synthetic droop characteristic. In all these schemes, the ac and dc grids are modeled by ideal sources linked by inverters and the dynamics of the sources are ignored. With the increase in renewable energy penetration, these dynamics cannot be neglected as they can affect the overall stability of the system. In addition, the impact of ac grid short circuit ratio (SCR) has not been analyzed thus far and there is a need to define the level of strength in terms of SCR value for a stable hybrid grid.
To address the above mentioned problems, this paper presents small signal stability analysis of a standalone hybrid microgrid considering a generalized droop scheme of ILC and high PV penetration. The ac grid is represented as a second-order synchronous generator which reduces computational complexity and larger integration steps can be used in time-domain simulation [18] . On the other hand, the dc grid is modeled as a PV system working on MPPT. The system stability is analyzed from the view of ILC, ac and dc grids so as to develop a comprehensive understanding. The key features and advantages of this study are listed as follows.
1) The generalized control of ILC defines the voltage and frequency droop at the dc and ac terminals so as to regulate the active power flow and maintain stability. The impact of droop gains on the stability is analyzed so as to define an operational range for a stable hybrid system. The ILC control scheme maintains its simplicity and avoids switching between control modes. This helps minimize power losses and system operational cost. 2) System stability is analyzed from the aspects of dc link capacitor and inductor filter which dictate the dc side dynamics. The transient system performance is studied under different values of capacitance and inductance.
This will help design a stable dc side system with minimum distortions. 3) While determining the influence of ac grid strength on the stability of hybrid microgrid, different values of SCR are used in both inverter and rectifier mode of operation and a range of SCR is defined. It is observed that small SCR values improve the damping of oscillatory modes in rectifier mode while inverter mode witnesses an opposite trend. This feature has not been analyzed in small signal studies of hybrid grid. The rest of the paper is organized as follows. The small signal models of ILC, ac and dc microgrids are presented in section II, III and IV, respectively. These sections discuss the control schemes and develop a complete state space representation. The eigenvalue analysis of the hybrid grid is presented in section V where system stability is analyzed from the viewpoint of scaling factors, dc link capacitance, inductor filter and ac grid SCR. The time domain simulation results are presented in section VI, followed by conclusion in section VII.
II. SMALL SIGNAL MODEL OF ILC
The structure of the hybrid microgrid under consideration is shown in Figure. 2 where different colored boxes are used for better visualization and interpretation. A modified outer loop VSC control is used to represent ILC where three scaling factors k 1 , k 2 and k 3 are used to couple dc voltage, converter power and ac frequency. This outer loop generates current reference signal for the inner current loop which, in turn, produces reference voltage for the converter [19] . In this regard, traditional proportional-integral (PI) controllers are used. Due to the modified outer loop control, any load change inside ac subgrid is translated into a frequency change and the ILC must adjust its power accordingly to satisfy the needs of ac grid. Similarly, dc subgrid load variation is translated into a voltage change and the converter power varies. The coupling of these three quantities enables hybrid grid to respond to load variations by changing its power flow and helps maintain dc grid voltage and ac grid frequency. The generalized droop control is given as:
Compared to conventional voltage and frequency droop schemes which involve only two variables, the generalized control couples power, voltage and frequency which allows a broader representation of the control objective. In this scheme, voltage and frequency droops are defined at the dc and ac terminals via k 1 , k 2 and k 3 as:
Since the converter droops are defined by the ratio of scaling factors, the stability of the hybrid microgrid is dependent on k 1 , k 2 and k 3 . It should be noted that only active power flow is considered here as reactive power is not involved in dc grid. In this regard, the reactive power control in ac subgrid is managed by its local ac voltage droop at sources [20] . The non-linear model of the converter is developed in this section.
A. PHASE LOCKED LOOP
A dq-based PLL is used to measure the frequency of the system. A first order low pass filter is used and the phase is locked at v oq = 0. The system is described by three states and one output as [21] :
B. AVERAGE POWER
The instantaneous active and reactive powers are calculated from dq-axis current and voltage measurements [22] .
Low pass filters with cutoff frequency ω c are used to obtain filtered output powers.
C. OUTER LOOP DROOP CONTROLLER
The outer loop controller consists of frequency f , active power P and dc voltage v dc with factors k 1 , k 2 and k 3 . The error signals from voltage, frequency and power are added and input to a PI controller. The control loop can be described with one state variable and one output as:
The difference between the current reference generated by the outer controller i dref and measured filter current i ldq is fed to PI controllers to generate reference voltage values v sdq . The current reference in the q-axis is set at zero since reactive power is neglected. The controller can be expressed as [23] :
E. OUTPUT FILTER An LCL filter is used at the output of the converter where it is assumed that the reference voltage v sdq appears at the converter output [24] . The inductors are modeled with parasitic resistances and a damping resistor is used with capacitor. The state equations can be expressed as:
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F. REFERENCE FRAME TRANSFORMATION
To connect the converter to the hybrid grid, the output variables are converted from a local reference frame to a global frame [25] . In this case, the ac grid is taken as the global frame of the system and the converter variables are transformed to this frame as:
where θ is the difference between local frame of converter and global frame. The subscripts DQ and dq are used to differentiate between global and reference frame, respectively.
G. COMPLETE MODEL OF CONVERTER
To apply the classical stability method based on eigenvalues, the non-linear equations of ILC have to be linearized around stable operating points. The converter has 14 states and 3 inputs. The small signal state space model of the ILC can be expressed as:
The state matrix and inputs are given at the next page. Here, Z ij is a i × j zero matrix.
III. AC MICROGRID
The ac microgrid is modeled as a synchronous generator linked to the main ac bus via transmission line. The generator provides power to the local ac load. In addition, it also supplies power to dc load via converter. The non-linear equations of synchronous generator and ac load are discussed in this section.
A. SYNCHRONOUS GENERATOR
A second order classical synchronous generator model is considered here which assumes that neither internal emf or d-axis armature current undergo drastic changes in transient state [18] . The generator is modeled as a constant emf behind a reactance. If the system experiences any disturbance, the magnitude of the voltage remains constant at its predisturbance value and rotor angle changes with rotor speed. The state space equations of the generator are expressed as:
In dq-axis, the bus voltage can be expressed as:
Substituting (30) in (28) gives:
B. AC LOAD Series RL load is considered in the ac grid with the load dynamics described as [26] : The state space model of the ac grid is given as:
IV. DC MICROGRID
The dc microgrid is represented by a PV energy system with a dc/dc boost converter and MPPT controller [27] . The boost converter increases the output PV voltage to dc bus voltage v dc while the MPPT controller outputs the duty cycle of the converter based on the error signal v mp − v pv . Local dc VOLUME 7, 2019 
loads are modeled as constant resistances attached to dc bus. In this paper, the MPPT block is not considered due to its relatively slow dynamics as compared to the boost converter.
It is assumed that the MPPT controller can provide constant reference voltage signal for long time intervals and this helps us express PV system in terms of array and boost converter.
A. PV ARRAY
The non-linear V − I characteristic of PV array is linearised around an operating point with arbitrary temperature and solar irradiation. The system is assumed to be working on maximum power point. The mathematical model of the PV system is given as [8] , (39)- (45), as shown at the top of the previous page.
To suppress the voltage ripples, a capacitor C b is used. The dynamics of this capacitor can be expressed as:
Substituting (43) in (46) gives:
B. DC/DC BOOST CONVERTER
Using the average switching period method, the inductor current is given as:
The dynamics of capacitor C dc are expressed as:
C. COMPLETE MODEL OF DC MICROGRID
The dc microgrid state space representation is given as:
V. STABILITY ANALYSIS OF HYBRID MICROGRID
The complete small signal model of the hybrid microgrid is obtained from (26) , (34) and (50). There are a total of 21 states and 4 inputs. To determine the stability of the system, the concept of eigenvalues is used. In order to obtain the initial steady state operating point of the hybrid microgrid in Figure. 2, the system is implemented in PSCAD/EMTDC. The system parameters and initial operating points of each variable are given in Table 1 . The eigenvalue plot of the system is shown in Figure 3 . A participation factor analysis was used to identify the states contributing to the different modes or characteristic frequencies. These participants are highlighted in the plot. The negative real part signifies the stability of the system. The eigenvalues close to the real axis affect the damping properties and dynamic performance of the system. The PV system and synchronous generator are major participants in lightly damped modes which shows that the stability of the whole microgrid is highly dependent on the stability of individual ac and dc grids. The system is also influenced by the PLL dynamics as it leads to low-frequency oscillatory mode. This mode has a damping ratio of 27.9. The LCL filter leads to high oscillatory modes with low damping ratios. The natural frequency of these modes are 2190 Hz and 1377 Hz while the damping ratios are 19.7 and 14.8, respectively. It can also be seen that the inner current controller leads to low frequency oscillatory mode with high damping ratio.
A. EIGENVALUE SENSITIVITY TO SCALING FACTORS
The variation of eigenvalues with change in scaling factors is shown in Figure. 4. It can be seen that the low frequency modes are most sensitive to k 1 and the system becomes unstable if the value is greater than 7.3. As k 1 increases, the eigenvalues due to PLL move towards the real axis which shows that it affects the dynamic performance of the system. Meanwhile, the eigenvalues due to output filter move away from the imaginary axis which increases the damping ratio of the system. The dynamics of PV system and synchronous generator are also affected by k 1 as they move towards imaginary axis and away from real axis which improves system dynamic performance and decreases damping ratio.
The factor k 2 impacts all modes of the system and the performance of the system is highly dependent on this value. The system becomes unstable as k 2 becomes greater than 0.6 and this serves as baseline for further analysis. As k 2 increases, the low frequency modes move away from the imaginary axis, thereby increasing the damping ratio. It can also be observed that PLL improves the dynamic performance and increases damping ratio as the eigenvalues move away from the real and imaginary axis. The output filter is an important element as it can make the system unstable with large values of k 2 .
The low frequency modes of the system move towards the real axis with change in values of k 3 . The system is stable if the value of this scaling factor is less than 39.2. With small values of k 3 , the complex-conjugate roots due to PLL and output filter are far away from the imaginary axis and the dynamic response time is large and steady state error exists. At this stage, the system can be equivalent to a first order system without overshoot [22] . Large values of k 3 result in decreased damping and large oscillations, making the system unstable. The output filter contributes to the dominant mode which moves towards the right side as k 3 increases.
Large droop gains are desirable for power sharing among sources and improved transient response [21] . From the proposed controller scheme, a large voltage droop at dc terminals implies a high value of k 2 and a low value of k 1 . However, the value of k 2 should not exceed 0.6. Similarly, a large value of k 2 and a small value of k 3 will result in a large frequency droop gain. In this design, the values of k 1 and k 3 should be less than 7.3 and 39.2, respectively. Some other important observations from the eigenvalue analysis can be summarized as follows: 1) Among the three scaling factors, k 2 has the most dominant effect on the stability of the system and a small change in its value can move the root locus plot on the right side. This factor is used to magnify the power flow through the converter and compared to voltage and frequency, the magnitude of power is large and the input to the PI controller in outer loop may increase manifold with a small variation in k 2 . Thus, the stability of the system will be affected with a small change in k 2 .
2) The low frequency modes of the system are sensitive to k 1 and any increase in this factor will move these modes towards the right half plane. The stability margin of the system can be increased by using small values of k 1 .
3) The output filter of the converter determines the damping and dynamic performance of the system. Any increase in k 1 , k 2 or k 3 will move the complexconjugate roots due to filter towards the imaginary axis which will decrease the damping ratio and result in an unstable system. 4) Compared to other two factors, the dynamics of the PV system are mostly affected by k 1 as it is directly coupled with the dc side voltage in the outer loop of converter. For large voltage droop gain at dc terminal, a large value of k 2 should be used but a larger value can also make system unstable. Thus, there is a trade off between system stability and large droop gain at converter terminals.
B. EIGENVALUE SENSITIVITY TO C dc AND L pv
To study the impact of dc side dynamics on the stability of a hybrid grid, it is important to analyze the sensitivity of eigenvalues with respect to dc link capacitor C dc and filter L pv . For this purpose, the capacitor and inductor values are varied while maintaining the system stability. The sensitive eigenvalues corresponding to these test parameters are summarized in Table 2 . It can be seen that (2, 3), (4, 5) and (6, 7) are high frequency modes. Mode 1 is relatively insensitive to change in inductance while increasing the dc link capacitance moves it towards the right side. Thus, extremely large values of capacitance can make the system unstable. As capacitance increases, mode (2, 3) moves towards the real and imaginary axis which decreases the damping ratio and affects the dynamic performance. Changes in inductance have no significant impact on modes (2, 3) and (4, 5) . Contrary to mode (2, 3), higher capacitance also improves the dynamic performance and damping ratio as mode (4, 5) moves away from real and imaginary axis. Only mode (6, 7) is affected by both capacitance and inductance. However, this mode is more sensitive to inductance. Mode (11, 12 ) is a low frequency mode which has a high damping ratio. Large capacitance value can move this mode to right side and result in instability. Based on these results, it can be observed that changing the filter inductance and dc link capacitance can change the oscillatory modes frequency. This can cause subsynchronous resonance and parameter variations may lead to system instability.
C. AC SYSTEM SCR
The SCR value has been considered as one of the best indicators of the ac-dc interaction problem and this notion can be extended to a hybrid grid. The strength of the ac system is characterized by the value of SCR. In weak ac systems, SCR is normally less than 3 while a value greater than 3 indicates the existence of a strong ac system [28] . Small SCRs are avoided as they produce large oscillations at the converter terminals during load changes. The SCR of a system can be increased by different methods such as addition of generation plants and transmission lines [29] .
The ac network fundamental frequency impedance and SCR of the system can be represented as:
where V s and P rated are the rated line-to-line ac voltage and converter power, respectively. The relative movement of the eigenvalues are used in this paper to analyze the behavior of hybrid grid under different SCRs. Since the stability of the system is also affected by scaling factors, it is ensured that these factors are selected from a stable range. In this regard, the factors given in Table 1 are used. Both rectification and inversion operation are considered with two different SCRs. The dominant eigenvalues are given in Table 3 . It can be observed that low SCR mainly affects low frequency eigenvalues and this trend is visible for both inverter and rectifier mode. However, the newly created complex eigenvalues (mode 14 and 15) move rapidly towards the imaginary axis in inverter mode. By reducing the SCR in small steps, it is seen that the system becomes unstable at SCR = 2. This implies that the strength of ac subgrid in inverter operation should be greater than 2. In the rectifier mode, this movement towards the vertical axis is slow which is evident in modes 13 and 17. When the SCR is reduced from 4 to 2.5 in rectifier mode, the damping ratio of mode 14 changes from 45.5% to 98.6%.
On the other hand, the damping ratio change from 98.4% to 48.1% in the same mode when the SCR is decreased. This implies that the damping of dominant oscillatory modes is improved with reduced SCR in rectifier mode while the inversion mode witnesses an opposite trend. The stability of the hybrid grid can be compromized in inversion mode with very low SCR but no significant stability issues will arise with small SCR in rectifier mode. It is also observed that the system is stable till 1.8 in rectifier mode. Thus, the SCR value should be above 2 for normal operation of the system.
VI. SIMULATION RESULTS
To verify the results from small signal model, a time domain simulation for the system given in Figure. 2 is performed in PSCAD/EMTDC. The parameters and initial conditions of the system are same as given in Table 1 . The ac grid is modeled as a 555 MVA synchronous generator with 24 kV base voltage. The nominal frequency of the ac grid is 50 Hz. The dc grid consists of 0.6 MW PV system connected to 800 V dc bus. Both the rectifier and inverter mode of operation are considered. The result are shown in Figure. 5 and the scaling factors are given in Table 4 .
In the rectifier mode, at steady state, the synchronous generator is producing 25.2 kW. A series RL load is connected to ac bus which consumes 19 kW and the remaining 6.2 kW are transferred to dc subgrid via ILC. The dc load is modeled as 16 constant-resistance consuming 40.2 kW power, of which 34 kW is provided by the PV system. The hybrid grid encounters two sudden changes: 1) At t = 1s, an ac load modeled by a series 7.26 resistor and 7.5 mH inductor is connected to ac bus which represents ac subgrid load change. 2) At t = 1.3s, a constant-resistance load of 64 is connected to dc bus which represents dc subgrid load change. The system is stable under both ac and dc load changes. According to (2) and (3), the converter has a frequency droop of 2.6e-5 at ac terminal and a voltage droop of 1e-3 at dc terminal. When the ac load increases at t = 1s, the frequency and ILC power decrease by 0.26 Hz and 5.726 kW, respectively. This is in accordance with the defined frequency droop for the converter. To satisfy the local load in dc subgrid, the PV system increases power from 1 kW to 3.8 kW and dc bus voltage decreases by 4 V. This shows the change in ILC power with dc bus voltage is determined by the ratio of k 2 and k 1 .
The loading conditions inside the ac and dc grids are varied in the inversion mode to simulate the environment of an underloaded and overloaded grid. In the steady state, the PV system is generating 44.1 kW which feeds 39.6 kW to a local dc load modeled as a 16 resistance. The remaining 4.4 kW is fed to the ac grid through ILC which, combined with 50 kW power of synchronous generator, is used to satisfy ac load represented as a series 1.8 resistor and 3.75 mH inductor. At t = 0.7 s, a dc resistance of 64 is switched on. Due to this load increase, the dc grid voltage decreases from 792 V to 787 V and PV power increases by 6.4 kW. To satisfy the dc load, the ILC power decreases by 2.84 kW which is shown in Figure. 5 (b) . Here, the negative sign indicates power supply from dc grid to ac grid. Correspondingly, the ac grid frequency decreases from 49.42 Hz to 49.36 Hz and synchronous generator increases its power by 2.7 kW. At t = 1.2 s, an ac load represented as a series 3.6 resistor and 7.5 mH inductor is switched on which causes the frequency to decrease by 0.31 Hz and ILC power decreases by 7 kW. To satisfy the local demand, the dc voltage decreases by 5.3 V and PV power increases from 50.4 kW to 57.2 kW. These results give a voltage droop of 0.0017 and a frequency droop of 4.4e-5 which is in accordance with (2) and (3).
To study the system stability, three different cases were considered (as listed in Table 4 ) where one scaling factor is increased while the other two are kept same. The results are shown in Figure. 6. When k 1 is increased to 15 in case 1, the system experiences large oscillations which contribute to instability. The converter power does not experience a significant change when ac load increases. This can be correlated with (3) as this scaling factor determines the voltage droop during dc load change. During dc load change, the PV system undergoes large power variations which makes the dc subgrid unstable. A similar situation is seen in case 2 when k 2 is changed to 6. Since k 2 determines both frequency and voltage droop for the converter, load change in both ac and dc subgrids produces large fluctuations in dc voltage, PV system power and ILC power. In case 3, when k 3 is increased to 50, the system inherits reduced damping and large oscillations which become significant during dc load change. It can be seen that the dc grid is more susceptible to instability when ILC is acting as a source and providing power to the dc grid. Compared to a synchronous generator, ILC lacks an inherent inertia which can contribute to increased damping and reduced oscillations. The dynamic effects of dc link capacitor on the hybrid microgrid are shown in Figure. 7. The load changes in ac and dc grids are same as discussed in previous section while the capacitance is increased from 2 mF to 3 mF. It can be observed that increasing the dc link capacitance decreases the transient frequency and increases overshoot which is consistent with the eigenvalue results given in Table 2 . The dc bus voltage is particularly sensitive to capacitance variations while the ac grid frequency also experiences some overshoot. This shows that C dc not only affects dc grid voltage but also influences ac grid frequency.
The effect of changing L pv on the dynamic behavior of the system is shown in Figure. 8. While no significant change is seen in ac grid frequency, the dc voltage experiences increased oscillations with rise in inductance value. The presence of front-end components behind the dc-link capacitor can mitigate the effect of ac-side front-end components and no change in ac grid frequency is seen.
The impact of SCR on the dc side current is shown in Figure. 9. The transient response does not experience large variations when ac load changes. During dc load change, the damping is increased in the presence of a strong ac grid in inverter mode. When the SCR is increased from 2.5 to 4 in the inverter mode, the transient response is improved. In the rectifier mode, the amplitude of the oscillations decrease when the SCR is reduced from 3 to 2. The time-domain results are consistent with the eigenvalue analysis.
VII. CONCLUSION
This paper presents the small signal analysis of a hybrid grid considering high PV penetration. The ac grid is modeled as a second-order synchronous generator while the dc grid consists of a PV system. A generalized droop scheme is adopted for ILC which incorporates frequency droop at ac terminal and voltage droop at dc terminal so any change in voltage or frequency results in power flow from an underloaded grid to overloaded grid. The impact of droop gains on the stability is discussed and effective limits are defined to enhance the stability margin. The dc side dynamics are analyzed from the perspective of dc link capacitor and inductor filter. From the ac side viewpoint, the impact of SCR on the system stability is studied in both rectifier and inverter mode of operation. Based on the eigenvalue analysis and time-domain simulations, the following conclusions can be drawn:
1) The generalized droop scheme successfully manages autonomous bidirectional power flow while regulating frequency and dc voltage. The droop coefficients at the converter terminals can be defined by the ratio of scaling factors. 2) Among the scaling factors, the system stability is mostly influenced by k 2 while the PV system dynamics are susceptible to k 1 . For larger droop gains, k 2 can be increased but it can make system unstable. Thus, there is a trade off between droop gains and system stability. 3) Increase in dc link capacitance C dc increases overshoot and decreases transient frequency of the response. Small fluctuations on ac grid frequency are also visible. On the other side, increase in inductance L pv leads to fluctuations in dc voltage and current. There is no significant change in ac grid frequency. To reduce overshoot and improve transient response, dc link capacitance should be less than 10 mF while filter inductance should be smaller than 1 mH. 4) While a reduction in SCR in rectifier mode improves the damping of dominant modes, an opposite trend is seen in inverter mode. The SCR should be greater than 2 for a stable system operation. The hybrid grids have an important role in the future power systems and it is imperative to analyze the stability issues from different perspectives. This paper discusses these problems from the aspects of ILC, ac and dc grids and defines a nominal operating range for different variables to enhance the stability margin. Future researchers on the hybrid microgrid can use this information to design a stable, resilient grid structure.
